Experimental observations of the ultrafast (less than 50 fs) demagnetization of Ni have so far defied theoretical explanations particularly since its spin-flipping time is much less than that resulting from spin-orbit and electron-lattice interactions. Through the application of an approach that benefits from spin-flip time-dependent density-functional theory and dynamical mean-field theory, we show that proper inclusion of electron correlations and memory (time-dependence of electron-electron interaction) effects leads to demagnetization at the femtosecond scale, in good agreement with experimental observations. Furthermore, our calculations reveal that this ultrafast demagnetization results mainly from spin-flip transitions from occupied to unoccupied orbitals implying a dynamical reduction of exchange splitting. These conclusions are found to be valid for a wide range of laser pulse amplitudes. They also pave the way for ab initio investigations of ultrafast charge and spin dynamics in a variety of quantum materials in which electron correlations may play a definitive role.
lattice, and their interactions (e.g., orbital momentum transfer between the subsystems) have also challenged standard theoretical explanations (for an over-review, see ref. 1 ). Beginning with the pioneering experimental work of Beaurepaire et al. on nickel, 2 which displays an ultrafast demagnetization when excited by an ultrashort laser pulse, the subject continues to be examined both experimentally and theoretically. A number of experimental observations [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] have now confirmed that this laser-induced demagnetization in bulk and thin film Ni takes place at the subpicosecond time scale. The latest results showing the time scale to be about 20 fs 11 . Not surprisingly most theoretical studies have attempted to trace the origin of this demagnetization to intricacies in the electronic and spin structure of the system. Probably the simplest is the phenomenological three-temperature (3T) model 2 , in which magnetization dynamics is characterized by an effective spin temperature, which equilibrates through energy exchange between the spin subsystem and electron and phonon baths. This model can be used to fit experimentally measured electron and spin temperatures, but it does not provide a microscopic understanding of the processes involved in the demagnetization, except for the possible role of phonons which occurs at the post picosecond stage. A modified 3T model that adds electronphonon momentum scattering events 12 and another that adds dynamical feedback exchange splitting between majority and minority bands 13 have also been proposed. Efforts have also been made to augment traditional spin wave theory with laser-induced spin-orbit torque 14 to explain the recent observations of ultrafast critical behavior in Ni 10 .
Since phonons may not play a large role at fs, Zhang et al. 15 
analyzed a model Hubbard
Hamiltonian that related the demagnetization to a combined effect of the external laser field and spin-orbit coupling in the system, a conclusion later corroborated experimentally 9 . These Hubbard-model based studies (see Ref. 15 and references therein) have also aimed at understanding the role of electron correlations in the demagnetization but the interaction parameters (fitted to spectroscopic data) used in these studies are quite different from those that provide good agreement with experimental data on the Ni Curie temperature and high temperature magnetic moment 16 .
Informative as these studies have been, a microscopic theory that explains ultrafast demagnetization of Ni is lacking.
Ab initio approaches ranging from rigid band DFT 17 to time-dependent spin-density functional theory (TD spin DFT) 18,19 have also had some success. A TDDFT study 19 based on the non-collinear local spin density exchange-correlation (XC) potential with no memory dependence did demonstrate a large decrease of the magnetic moment (~43%) in Ni within a few dozen fs, as a result of spin-orbit interactions between the excited and ground state electrons. However, the pulse fluence used 19 were two order of magnitude larger and the pulse wavelength one-half those in experiments. On the other hand, incorporation of time dependent Liouville equation into DFT 18 with rescaled spin-polarized local density approximation (LDA) and a time-dependent attenuation factor found 10% decrease of magnetic moment for experimentally relevant pulse parameters 18 . Although the demagnetization is much less than the experimental value, this study 18 points to the importance of memory effects in XC potentials. To isolate the source of ultrafast demagnetization and expose further the relevance of memory effect, we present here a theoretical model in which we incorporate non-Markovian dynamics in non-collinear spin-density TDDFT 20,21 with electron correlation accounted in the XC kernel derived from dynamical mean field theory (DMFT) 22,23 , which in turn is based on a Hubbard model suitable for transition metals with partially-filled d-orbitals. Apart from inherent inclusion of memory effects 24, 25 , the approach tracks electron correlations at time scale during which lattice effects may be neglected: the first (0-20 fs) of ultrafast spin dynamics in Ni.
Note that such a non-collinear theory would allow spins to flip ( Fig.1 ) without requiring conservation of , since the magnetization direction varies in space and the z-component of spin is not a good (global) quantum number. Realization of such systems could be the helical spin-wave ground state for γ-Fe 26 and systems with varying surface magnetization. One could also visualize a scenario in which the ground state constitutes of collinear spins but coupling of the spin-up and spin-down densities either through an external transverse magnetic perturbation or a spatiallydependent effective magnetic field generated by reorientation of the magnetic moments leads to non-collinearity.
In Fig. 2 , we show the TDDFT results for the time dependence of demagnetization in Ni after laser pulse perturbation using three different XC kernels: 1) with full memory effects; 2) no memory effects; 3) memory effects in only the spin flip part. The demagnetization of 56% obtained with the XC with full memory effects is in a good agreement with what we can extract from experimental data, ~40% for pulse with ћω = 2 eV and 7 mJ/cm 2 fluence 2 and ~70 % for pulse of ћω = 1.55 eV and fluence of 7.36 mJ/cm 2 (absorbed fluence of 2.56 mJ/cm 2 ) , 11 while the XC kernel with no memory effects results in about 25.8% demagnetization. Even though this demagnetization is almost two times smaller than that obtained with memory effects, it is still much larger than that that have been obtained from standard TDDFT, pointing to the importance of electron correlations which is inherent in our XC kernel. Fig. 2 also shows demagnetization of 50.6%, when memory effects are confined to the spin flip part of the XC kernel, indicating that the major channel of demagnetization is spin-up to spin-down transitions. To probe further the origin of this enhanced ultrafast effect, we plot in Fig. 3 the time-dependence of the matrix elements of the DMFT XC kernel. Interestingly, the time dependence of the matrix elements is dramatic only at short times (< 0.1 fs). Furthermore, the time dependence dies out within ~1 fs, which is of order of electron-electron scattering time in correlated materials.
The inset of Fig. 2 summarizes the demagnetization that we obtain in the limiting cases of no fxc and standard TDLDA. Note that the maximum demagnetization obtained for these cases is about 0.28%, a value close to that obtained in other theoretical studies and far from the experimental results, as summarized in the Introduction.
Analyses of the orbital and spin-resolved excited charge dynamics shown in Fig.4 provide further insights that the population of the excited spin-down electrons is significantly higher than that of those with spin-up. This result is consistent with the higher density of unoccupied spindown states near the E F in Fig in DMFT may be ascribed to small increase in the occupancy of spin-down orbitals. Since the imbalance in the orbital occupancy that contributes to magnetization mostly results from 3d orbitals and the density of states of the d-orbitals is significantly higher than that of the p-orbitals in the vicinity of E F , especially in the valence band, we consider only the d-orbitals in the study.
In agreement with the experimental result, our calculations show the strong dependence of demagnetization on the pulse field amplitude, i.e. intensity or fluence 11,12,28 and the demagnetization time increase with amplitude 29 The PDOS of minority spin is flipped.
METHODS
As the first step, we perform a spin-polarized DFT 30 iπT(2n + 1), we take n = 250, kBT = 0.01 eV and use the multi-orbital iterative perturbation theory (MO-IPT) approximation 38 . The Green's function obtained is then transformed into real frequency representation by using the Pade approximation 39 . With this set of values, we obtain the Curie temperature T c ≈ 627 K, in a rather good agreement with the experimental value of 631K 35 .
To simulate electron dynamics of the system, we use spin-flip TDDFT Kohn-Sham equations for the spin wave functions, whose general form is:
where − 2 2m is the kinetic energy operator, V H [n](r, t) = ∫
|r−r′| dr′ is the Hartree potential, V XCσσ ′ [n](r, t) is the XC potential matrix, σ refers to spin indices, V extσσ ′ (r, t) is the external potential. The V XCσσ ′ [n](r, t) is a functional of the spin-density matrix n σσ ′ (r, t) = � Ψ kσ (r, t) Ψ k ′ * (r, t).
The V extσσ ′ (r, t) represents the laser pulse field and is taken as δ σσ ′ e . (t) using the dipole approximation which is valid situation in which pulse wave length is longer than the lattice parameters. The external electric field is taken as E(t) = E 0 e − t 2 τ 2 cos(ωt), where parameters E 0 , τ
and ω are the electric field amplitude, the pulse duration, and the field frequency, respectively.
Unless specified otherwise, E 0 and ћω used in this study are 0.05 V/Å and 2 eV, the same as in the TDLDA study 17 , whereas τ is taken to be 7.2 fs, slightly less than that used in 17 .
We use the linear response approximation in which the XC potential in eq. (1) can be expressed in terms of XC kernel matrix f XCσσ ′ σ �σ � ′ (r, t, r ′ , t ′ ) as
where V XCσσ ′ [n](r, t = 0) is the static or DFT part of the XC potential and
In the DMFT approximation, f XCσσ ′ σ �σ � ′ (r, t, r ′ , t ′ ) becomes the product of the space-and timedependent parts: (ω) that satisfies the equation:
In the eq. (6), to make notations shorter we expressed the XC kernel and other matrices (defined below) in the form of a 4 × 4 matrix whose rows (columns) are defined by pair of the following indices: 1 = ↑↑, 2 = ↑↓,3 = ↓↑ and 4 = ↓↓. The other matrices in the eq. (6) are the Fourier transform of the correlation function (generalized susceptibility)
(ω) in the non-interacting case) where c σ a and c σ a+ are the electron annihilation and creation operators, respectively, a, b are the band indices, and T � is the time-ordering operator, for details see Supplementary Information , Section I).
After calculation of the susceptibility with the DMFT approximation substitution of the result into eq. (6) and inversion the matrix equation give the following XC kernel matrix:
�.
(7)
The time domain transformation of matrix in eq. (7) is substituted in eq. (3) to get XC potential.
The non-diagonal elements of eq. (7) take spin flipping processes into account: for example, f XC32 (ω) accounts for the spin-up to spin-down transition. Finally, the limiting case of "nomemory" solution of the problem is obtained by approximating the XC kernel in eq. (7) as ̂( ω) =̂(0) which in the real time representation becomes 
where H kσσ ′ nl (t) = � ψ kσ n * (r)H � σσ ′ (r, t)ψ kσ ′ l (r)dr (10)
are the time independent orbital-spin matrix elements of the Hamiltonian H � σσ ′ (r, t) given by
where matrix elements
describe the correlation effects and
are the matrix elements of the dipole moment. In eq. (11), ε k n are the static DFT eigen-energies, (see Supplementary Information, Section II for details).
One more remark -on the angular momentum dynamics of the system -has to be made.
Earlier models assumed possible change of the angular momentum of the system due to photon absorption 15 . More popular (see, e.g., ref. 12, 40, 41 ) is the scenario in which the spin-flip processes are accompanied by transfer of angular momentum to the lattice as a result of electron-phonon scattering. During the after-pulse dynamics, in the absence of electron-phonon scattering, noncollinear coupling can be sufficient to redistribute the angular momentum between the spin and the orbital momentum "subsystems". In absence of the spin-orbit interaction, one can expect ultrafast demagnetization driven by electron-electron correlation effects. Indeed, the electronelectron correlation effects may lead to a redistribution of the excited electrons from the majority to minority bands 42 . In this work, we consider the electron-electron correlation induced (noncollinear) scenario of the ultrafast demagnetization.
Supplementary Information

I. DMFT XC KERNEL MATRIX
In this brief Section, we give the general form of the four-index equation that connects the DMFT XC kernel matrix f XCσσ ′ σ �σ � ′
DMFT
(ω) and Fourier transform of the correlation function (generalized
:
As it is described in the main text, after introduction of the generalized two-spin indices 1 =↑↑, 2 =↑↓,3 =↓↑ and 4 =↓↓, the last equation can be transformed into 4 × 4 matrix eq. (6).
II. DENSITY MATRIX TDDFT
In the density-matrix formalism, one expands the spin wave functions in terms of the static DFT Kohn-Sham occupied (v) and unoccupied (c) wave functions ψ kσ l (r) as whose diagonal and off-diagonal elements are the state occupancies and the probability of transition (polarization), respectively. The dynamics of magnetization change in the system (dm(t)) defined as
can be obtained using the density-matrix elements as 
is the matrix elements of the dipole moment, ε k n are the static DFT eigen-energies, ρ kσσ ′ ln (t = 0) = 0 as initial occupancy of unoccupied site of band beyond Fermi energy whose occupancy is tracked over time and E(t) = E 0 e − t 2 τ 2 cos(ωt) is taken isotropic in space.
In calculation, the time dependence of the nuclear motion is not considered since such a motion is negligible in the short time scale of this study and the time-dependence of the electron-electron Hartree interaction is not included since its contribution is small. XC term in interaction matrix elements (second term in eq. II.6) is approximated as
where is the orbital and spin averaged time-independent part:
= �∫ ψ kσ n * (r)ψ ′ k l (r) � ( ) � ′ * ( ) �. ���������������������������������������������� (II.10)
In eq. (II.6), the sum over all momenta q≤ is replaced by integration over energy of occupied part of band for continuous representation, then the Hamiltonian in eq. (II.7) becomes
where occ. and unocc.in the summation sign refers to the occupied and unoccupied band and Moreover, the TDDFT+DMFT theory takes into account memory effects that are rather important at the fs time scale (at times of the e-e scattering) and are neglected in previous studies 1,2 .
III. FIELD-DEPENDECE OF THE DEMAGNETIZATION
The results for the dependence of the demagnetization on the pulse field amplitude are shown in Fig. SI.1 . It is important to note that at large fields (the bottom curve in Fig. SI. 1 ) the value of the final demagnetization exceeds the initial magnetization of 0.64 . We show the results for such strong fields in order to demonstrate the limits of applicability of the linearresponse TDDFT for Ni, i.e. at what values of the pulse energy the approximation fails. 
